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RESEARCH PAPER

Identification and monitoring of Copy Number Variants (CNV) in monoclonal 
gammopathy
Fabio Sallustio b*, Claudia Curci b*, Antonio Giovanni Solimando c,d, Patrizia Leone c, Paola Pontrelli e, 
Loreto Gesualdo e, Angelo Vacca c, Vito Racanelli c, and Anna Gallone b

bInterdisciplinary Department of Medicine, University of Bari Aldo Moro, Bari, Italy; bDepartment of Basic Medical Sciences, Neuroscience and Sense 
Organs, University of Bari Aldo Moro, Bari, Italy; cDepartment of Biomedical Sciences and Human Oncology, Internal Medicine Unit “G. Baccelli”, 
University of Bari Aldo Moro, Bari, Italy; dIRCCS Istituto Tumori Giovanni Paolo II of Bari, Italy; eDepartment of Emergency and Organ Transplantation, 
Nephrology, Dialysis and Transplantation Unit, University of Bari Aldo Moro, Bari, Italy

ABSTRACT
Monoclonal gammopathy of undetermined significance (MGUS) represents the pre-clinical stage of 
Multiple Myeloma (MM) with the 5% of MGUS progresses to MM. Although the progression from MGUS 
to MM has not been completely characterized, it is possible to monitor the DNA modifications of patients 
diagnosed with MGUS to detect early specific genomic abnormalities, including copy number variations 
(CNV). The CNVs of chromosome 1q and chromosome 13q are associated with a worse prognosis in MM.

In the present study, we showed that it is possible to monitor the 1q21 gain and 13q deletion 
frequencies in gDNA using digital PCR. The CNV analysis of three cell lines with a well-characterized 
cytogenetic profile were compared with measures performed by a real-time PCR approach and with 
a digital PCR approach. Then, we analyzed CNVs in CD138+ plasma cells isolated from bone marrow of 
MGUS and MM patients.

Our results show that digital PCR and targeted DNA monitoring represent a specific and accurate 
technique for the early detection of specific genomic abnormalities both in MM and in MGUS patients.

Our results could represent a remarkable advancement in MM and MGUS diagnosis and in CNV analysis 
for the evaluation of the risk of progression from MGUS to MM.
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Introduction

Multiple myeloma (MM) is a tumor of terminally differentiated 
B-lymphocytes, also indicated as plasma cells. MM is 
the second most common hematologic malignancy and one 
of the leading causes of death in the field of hematology,1 often 
due to end organ damage2,3 and infections.4,5 MM represents 
the final stage in a continuum of plasma cell dyscrasias and is 
consistently preceded by a premalignant phase termed 
Monoclonal Gammopathy of Undetermined Significance 
(MGUS).6,7 The molecular abnormalities underlying three dis
tinct steps of myeloma development are: (1) transformation of 
normal plasma cells to MGUS, (2) progression of MGUS to 
MM, and (3) the final evolution to extramedullary diseases 
(EMDs).8–10 The very first phase in the progression from 
MGUS to MM is a central node into the pathogenesis of 
MM, because it represents the transition from 
a nonmalignant condition to an oncologic state. The rate of 
patients that progress from MGUS to MM is approximately 
1%/year.6,11 This progression appears to be principally driven 
via branching clonal evolution wherein the spontaneous acqui
sition of new genetic abnormalities imparted a growth advan
tage to one subclone at the expense of others without any 
external selective pressure from treatment.12,13 The copy num
ber variations (CNV) are one of the most prominent genomic 
perturbations in MM. A recent study created a model 

representing the chronology of copy number alterations 
(CNAs) in MM.14,15 In this timeline, chromosome 1q gains 
and 13q deletions are common cytogenetic aberrations in 
multiple myeloma (MM) that arise at an intermediate phase 
of MGUS-MM progression. The presence of these cytogenetic 
aberrations in newly diagnosed MM is almost 50% for 13q 
deletions and 1q gains. Particularly, chromosome 1q gains are 
associated with a worse outcome in MM. The presence of the 
13q deletion has a deleterious effect on the prognosis due to its 
frequent association with the t(4;14) and del(17p) 
abnormalities.12 These data suggest that the CNV analysis 
could be a predictive tool in the management of MGUS and 
in the evaluation of the risk of progression from MGUS to 
MM.14,16 Accurate and sensitive detection tools are needed to 
investigate the CNV, such as cytogenetics and fluorescent 
in situ hybridization (FISH). Real-time PCR (RT-PCR) has 
previously been used to quantitate CNVs by comparing the 
dose–response of a CNV to a copy invariant gene (as reference) 
but CNV assays used with the classical RT-PCR require strin
gent optimization, calibration, quality control, and a high 
amount of technical replicate to obtain precise CNV estimates. 
Here, we propose a new and different approach to identify 
CNV in MGUS and MM patients using the Digital PCR 
(dPCR), an end-point PCR method that provides a direct 
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molecular count of the analyte and reference target DNA 
sequences.17 Here, we present the validation of a dPCR proto
col for the analysis of four different CNVs, targeting two 
different cytobands in chromosome 1q and chromosome 13q 
regions of MGUS and MM patients.

Results

DNA quantity assessment

In DNA extraction from myeloma cell lines, the starting num
ber of cells were at least 500000 cells and the total yield of DNA 
ranking from 118 ng/µl to 355 ng/ µl, with a mean value of 
203.6 ± 67.02 ng/ µl (mean ± SEM). In DNA extraction from 
CD138+ cells isolated from bone marrow, we had a dramatic 
decrease of the starting number of cells, with an average num
ber of CD138+ cells of approximately 50000 cells. 
Consequently, the total yield of DNA in our samples is ranking 
from 12 ng/µl to 30 ng/µl, with a mean value of 23.02 ± 1.68 ng/ 
µl (mean ± SEM).

CNV analysis in myeloma cell lines characterized by FISH 
and comparison between RT-PCR and dPCR

In order to investigate the accuracy of dPCR for CNV mea
surement, we used three myeloma cell lines with different CNV 
as a model of gene amplification. These cell lines had been 
previously characterized for 1q21 and 13q CNVs by FISH. We 
performed CNV analysis in 1q21 and 13q on RPMI 8226, 
U266, and JJN3 myeloma cell line by qPCR and dPCR. All 
the loci were successfully amplified by both techniques in all 
the three cell lines.

In RT-PCR, we found that results could vary depending on 
the calibrator sample chosen by the user. In fact, the Copy Call 
software for the RT-PCR requires at least one available sample 
with known copy number. Then, the software scales all the 
results on the basis of this calibrator. Analyzing our samples, 
we found that the results can be very different choosing one 
sample or another as the calibrator. Indeed, the same samples 

could be called to have different CNV profiles simply by chan
ging the calibrator sample (Figure 1). This can lead to invalid 
results. In addition, using a starting amount of DNA less than 
25 ng, RT-PCR gave us nonreliable results.

In dPCR, we found that RPMI8226 did not present signifi
cant CNV; JJN3 and U266 showed gain in 1q21 regions and 
loss in 13q regions (Figure 2b). The results obtained from 
dPCR were quantitative and absolute, and do not need external 
calibrator. For each copy number analysis, the exact number of 
copies/microliter for target sequence (FAM) and reference 
sequence (VIC) is reported (Figure 2a). The reference is 
obtained by amplification of RNAse P gene. The ratio between 
these two data defines the loss or gain in the specific region; 
dPCR results are overlapping with results obtained by FISH 
characterization of the RPMI8226, JJN3, and U266 cell 
lines.18–21

In addition, dPCR provided reliable results also for assays 
with only 10 ng. The dPCR enabled us to confirm the normal 
biallelic results in RPMI cell line; the gain in 1q21 regions in 
JJN3 and U266 and the loss in 13q regions in U266 and JJN3 
cell lines are shown in Figure 2.

CNV analysis in MGUS and MM patients

CNV in 1q21 and 13q were assessed using dPCR in 8 MGUS 
and 10 MM patients. We observed that only one MGUS patient 
presented gain of both 1q21 regions, while 7 MGUS samples 
did not present any alteration in the analyzed regions. Among 
MM patients, five samples did not present alteration within the 
analyzed regions. Gain in 1q21 regions was present in three 
samples, whereas four samples presented loss in 13q regions 
(Table 2).

We then evaluated the relationship between the presence 
and distribution of 1q21 and 13q CNVs and the overall survival 
(OS) and progression-free survival (PFS) in the analyzed 
patients’ sample. Notably, OS and PFS were shorter in patients 
with the analyzed CNVs than in patients without the studied 
molecular alterations, with a statistically significant difference 
only for PFS (P = .0345). Median OS and PFS were 34 months 

Figure 1. CopyCaller example of analysis of Copy Number Variants (CNVs) with a RT-PCR approach. In this approach, the way to calculates CNVs varies depending on the 
availability of a calibrator sample that has a known copy number for the target of interest. As shown in A and B panels, the results of our analysis for U266 MM cell line 
substantially changed copy numbers by using different calibrator samples. This represented a limitation in the use of RT-PCR technique applied to CNV analysis in our 
samples.
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and 32 months, respectively, whereas median OS and PFS in 
patients without alterations were not reached (Figure 3).

Next with the aim to further validate the clinical significance 
of analyzed CNV, we interrogated a public dataset of 718 out of 
1154 newly diagnosed MM (NDMM) patients enrolled in the 
the Multiple Myeloma Research Foundation (MMRF) 
CoMMpass trial NCT01454297 for which the 1q21 and 13q14 
CNVs data assessed by SeqFISH were available. The main 
demographic variables and treatment information for 
NDMM cohorts are summarized in Table S1.

Comparing two different cohorts, based on survival out
come (alive vs. dead for OS and progressed vs. ongoing for 
PFS) performing a supervised analysis based on 1q21, 13q14, 
and 13q34 CNV. Strikingly, these class boundaries identified 
significantly different clinical outcomes: remarkably, patients 
with either were 1q21, 13q14, or 13q34 CNV detected all 
experienced a shorter PFS and OS (Table 3). The response 
duration to treatment deemed significantly shorter in subject 

with detected 1q21 CNV (Hazard Ratio – HR 1.22; P = .0017 – 
Table 3).

These results confirm the importance of the possibility 
given by dPCR to monitor CNV evolution in MGUS and 
MM patients through a simple fast and absolute methodology.

Discussion

MM and its premalignant condition MGUS are characterized 
by a genomic complexity and heterogeneity. Tracing the clonal 
composition over the time requires many laboratory efforts, 
including a combination of whole-exome sequencing, copy 
number profiling, and cytogenetics.22 Such approach may 
represent the key to predict the time of progression from 
MGUS to MM, but in the routine clinical practice, this repre
sents an unmet challenge. One of the major limitations in the 
assessment of genetic profile and risk in MGUS and MM 

Figure 2. QuantStudio 3D Analysis Suite software example of a chip analysis for Copy Number Variants (CNVs). (a) The chip view allowed to have a chip overview and set 
a data point above the threshold, which corresponded to the quality of the chip. The scatter plot showed a good separation between the negative and positive results 
The final analysis of data gave as a result the exact number of copy/uL of the target in the samples. CNV gain or deletion is determined by a ratio of the number of copies 
of target nucleic acid sequence (FAM) to the reference sequence (VIC) (b). CNV analysis in MM cell lines reveals the absence of both 1q21 and 13q alterations in 
RPMI8226, while JJN3 and U266 cells reveals gain in 1q21 regions and loss in 13q regions.
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patients lies in the low number of plasma cells isolated from 
bone marrow samples, associated with a very low yield of 
DNA, which makes difficult to perform FISH- or DNA-based 
assays, as real-time RT-PCR, microarray or multiplex ligation- 
dependent probe amplification (MLPA).23 CNVs represent 
a crucial event in the progression from MGUS to MM and in 
the malignancies of MM. Among the cytogenetic abnormalities 
in MM, 1q21 gain and 13q deletion frequency in newly diag
nosed MM is almost 35–40% and 45–50%, respectively, and 
both alterations are associated with an adverse prognostic 
impact.23

In the last years, it showed the evidence of the existence of 
patients with partial or global deletion of chromosome 13 
having an event-free median survival of 21 months and an 
overall survival of 29 months, compared to 43 months and 
50 months, respectively, of patients without these 
abnormalities.24 Chromosome alterations of chromosome 1 
have been identified more recently,25 uncovering chromosome 
1q21 gains to be a high-risk feature in MM, irrespective from 
the therapeutic approach.26,27 Moreover, since chromosome 1q 
gains and 13q deletions are common cytogenetic aberrations in 
MM that arise at an intermediate phase of MGUS-MM 
progression,28 while considering the relevant incidence of 
these CNV,6 we measured the 1q21 gain and 13q deletion 
frequencies in gDNA of three cell lines with a well cytogenetic 
profile characterized by FISH,19,29 comparing a RT-PCR 
approach with a dPCR approach. The previous characteriza
tion of genetic risk and R-ISS of MM patients by FISH allowed 
us to validate the results of the dPCR.

FISH represent the gold standard for genetic risk assessment 
for NDMM17 while no analysis is often performed in MGUS 
patients, due to the cost and time that this technique required. 
Moreover, CNV identification is more challenging as the target 
DNA is more diluted or the tumor cells are poorly represented. 
Consequently, a tumor-associated CNV increase would be 
undetectable using conventional routinely approaches.30 RT- 
PCR is the most used method for the detection of genetics and 
epigenetics alteration in clinical research.31 However, due to 
the presence of samples with low amount of starting material, 
a major number of replicates are required in order to decrease 

the variability of each reaction and to increase the reproduci
bility of the results. The amount of DNA required for RT-PCR 
represented a huge limitation in our experimental settings, and 
this is the reason why we performed RT-PCR in myeloma cell 
lines but not in clinical samples from MGUS and MM patients. 
Another important limitation in RT-PCR is the need of 
a calibrator sample of CNV analysis that can heavily affect 
the final results in qPCR. In our study, we assessed CNV 
analysis using 3-MM cell lines with a well-known cytogenetics 
for the analyzed regions18–21 and we found a very huge dis
crepancy in results using qPCR, depending on the calibrator 
sample choice and the interpretation of data.

Digital PCR is a robust PCR technique that enables precise 
and accurate absolute quantitation of target molecules using 
both dilution and partition of the samples into numerous 
compartments and Poisson statistics.32,33 Usually, dPCR 
employs the same primer sets, fluorescent labels, and enzy
matic reagents as for RT-PCR ,offering a highly precise and 
sensitive approach.33 Several studies reported that dPCR is 
a very promising assay for CNV analysis in diluted 
samples.30,34 Particularly, the comparison between dPCR and 
RT-PCR for CNV analysis using the same gDNA template was 
reported to lead to similar results. A CNV ratio of 1.17 was 
significantly detected with only 0.6 ng of DNA as input, vs 
a significant ratio of 1.27 or more significant different in RT- 
PCR analysis. The ability of dPCR to detect incrementally 
smaller fold differences than RT-PCR demonstrates the poten
tial of this method for future CNV clinical diagnostics.30

In the present study, we measured the 1q21 gain and 13q 
deletion frequencies in gDNA of CD138+ plasma cells (PCs) 
isolated from bone marrow of MGUS and MM patients. Due to 
the yield of gDNA obtained from PCs, we were able to perform 
dPCR only RT-PCR, so we cannot compare results from these 
two techniques. However, the positive correlation between RT- 
PCR and dPCR results demonstrated that dPCR could success
fully be applied to CNV analysis of CNV in myeloma cell lines 
and patient samples and offered advantages such as a low 
gDNA input and no need of replicates for each assay. In PCs 
DNA samples, dPCR allowed us to discriminate CNV ratio 
from 0.88 to 1.38 using RNase P as reference gene. Despite this 

Figure 3. Kaplan-Meier estimator of OS and PFS across the entire cohort recoded into subgroups identified by the presence or absence of CNVs. (a) The median OS 
estimated in subjects without CNVs was not reached, whereas in subjects with CNVs, the median OS was 34 months. P ns (not significant). The median PFS estimated in 
subjects without CNV was not reached, whereas in subjects with CNVs, the median OS was 32 months (HR = 3.45, 95% CI 1.09–10.9, χ2LR = 4.47; P = .00345). Hazard 
Ratio – HR; CNVs – Copy Number Variants.
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Table 1. Clinical characteristics of patients with Multiple Myeloma (MM).

Variable N. patients (%)

Sex
Male: 60% (6/10)
Female: 40% (4/10)
R-ISS
Stage I 10% (1/10)
Stage II 60% (6/10)
Stage III 30% (3/10)
Type of MM
IgG 70% (7/10)
IgA 20% (2/10)
Light chain 10% (1/10)
Genetic Risk
Standard risk 60% (6/10)
High Risk 40% (4/10)
Hemoglobin
Hb<10 g/dL 40% (4/10)
Kidney Failure
Yes: 40% (4/10)
No: 60% (6/10)
Bone Lesion
Yes: 60% (6/10)
No: 40% (4/10)
Extra Medullary Disease
Yes: 20% (2/10)
No: 80% (8/10)

R-ISS: Revised Multiple Myeloma International Staging System.

Table 2. Digital PCR results for 13q deletion and 1q gain in CD138+ plasma cells from 8 monoclonal gammopathy of undetermined significance (MGUS) and 10 
Myeloma Multiple (MM) patients.

dPCR results

13q regions 1q regions

Hs_02810029 (13q14,2) Hs_05286105 (13q14,2) Hs_07482364 (1q21,3) Hs_1481278 (1q21,3)

#MGUS1 0.91 1.03 0.93 1.04
#MGUS2 1.03 0.99 2.04 1.97
#MGUS3 1.00 1.06 0.02 0.97
#MGUS4 0.97 0.91 0.98 1.02
#MGUS5 0.96 1.00 1.00 0.97
#MGUS6 0.95 0.94 0.88 0.82
#MGUS7 0.98 1.00 0.95 0.96
#MGUS8 0.95 0.98 0.98 1.04
#MM1 1.03 0.96 0.99 1.04
#MM2 0.53 0.54 1.88 1.86
#MM3 0.69 0,70 1.41 1.40
#MM4 0.77 0,75 0.80 0.81
#MM5 1.08 0,98 0.98 0.95
#MM6 0.89 0,96 0.96 1.02
#MM7 0.96 1,03 1.09 1.09
#MM8 0.56 0,56 1.43 1.42
#MM9 1.04 1,02 1.40 1.38
#MM10 0.87 0,60 0.92 0.85

Table 3. CNV summary comparison between survival characteristics from 718 patients divided in CNV Detected vs. Not Detected from CoMMpass longitudinal, 
prospective observational study (release IA15). OS is overall survival and PFS is progression-free survival.

CNV PFS OS
Cumulative LogRank-test p value HR Cumulative LogRank-test p value HR

1q21 Detected = 257 1.22 Detected = 257 1.52
Not Detected = 461 Not Detected = 461
p = 0.0015 p < 0.0001

13q14 Detected = 370 1.20 Detected = 370 1.32
Not Detected = 348 Not Detected = 348
p = 0.0032 p = 0.0039
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study has a clear limitation due to the small sample size, we 
could confirm previous findings.33–37 Moreover, envisioning 
a potential role of dPCR in MM risk stratification, we validated 
our results by in silico interrogation of CoMMpass Trial. 
Therefore, we could confirm that our findings are consistent 
with the compelling data generated by the statistically powered 
CoMMpass trial.

To date, an increasing number of manuscripts encourage 
the use of dPCR in cancer diseases, included hematological 
diseases.33 Our results offer a first evidence of dPCR applica
tion for the study of genetic alterations occurring in MGUS 
and MM. The real advantage of dPCR will probably emerge in 
the next years with the consolidation of the concept of dPCR as 
a new diagnostic tool.

Further statistically powered clinical study are needed to 
provide deeper and robust corroboration of this proof of con
cept finding.

Materials and methods

Sample collection

Myeloma cell lines RPMI 8226, JJN3, and U266 were available 
in our cell repositories and were provided by ATCC. Patient 
bone marrow samples were obtained from 18 patients with 
diagnosed monoclonal gammopathies. Patients were classified 
as having MGUS (n = 8) or symptomatic MM (n = 10) accord
ing to the International Myeloma Working Group criteria.38

CD138+ plasma cells were collected from patients diag
nosed with MGUS or MM. Sampling of bone marrow consisted 
of aspiration followed by biopsy of the posterior iliac crest. 
Clinical laboratory testing included HLA typing for all patients. 
Chromosomal alterations (CA) were evaluated by the presence 
of del17p and/or the presence of t(14:4) or t(14:16) transloca
tion by fluorescence in situ hybridization (FISH) analysis for all 
MM patients and were used to evaluate genetic risk and R-ISS. 
The genetic risk of our patients was defined as standard risk 
(absence of CA, 6/10 patients) or high risk (presence of CA, 4/ 
10 patients). Revised Multiple Myeloma International Staging 
System (R-ISS) is a prognostic tool based on the combination 
of three parameters: ISS (International Staging System), 
Chomosomal Alteration (CA), and serum LDH level.39,40 In 
our cohort of patients, 1/10 were scored as R-ISS stage 1 (ISS 
stage I and standard-risk CA by iFISH and normal LDH), 6/10 
were scored as R-ISS stage 2 (Not R-ISS stage I or III), and 3/10 
were scored as R-ISS stage 3 (ISS stage III and either high-risk 
CA by iFISH or high LDH). The main demographic and 
clinical variables of MM cohorts are summarized in Table 1.

The study protocol was approved by the University of Bari 
Medical School Ethics Committee (study n° 5145) and con
formed to the good clinical practice guidelines of the Italian 
Ministry of Health. Written informed consent was obtained 
from each subject in accordance with the Declaration of 
Helsinki.

Cell preparation and DNA extraction

Myeloma cell lines and bone marrow mononuclear cells were 
isolated by Ficoll-Paque Plus (GE Healthcare Life Sciences, 

Pittsburgh, PA, USA) density gradient centrifugation. Tumor 
plasma cells were purified from bone marrow by automated 
magnetic sorting using anti-CD138 microbeads (MACS; 
MiltenyiBiotec, Bergisch Gladbach, Germany), as previously 
described.41–43 DNA was isolated from CD138+ plasma cells 
using QIAamp DNA Blood Midi Kit (Qiagen Srl, Hilden, 
Germany), following the manufacturer’s instructions, and 
DNA concentration was measured by Nanodrop (Thermo 
Scientific, Waltham, MA, USA).

Real-Time PCR (RT-PCR)

Individual CNV assays were performed by duplex Taqman 
real-time RT-PCR assays on myeloma cell line samples. For 
DNA detection, primers were designed to generate amplicons 
under 150 bp. The following TaqMan probes (Life 
Technologies, Carlsbad, CA, USA) with a 5ʹ fluorophore 
(6-carboxyfluorescein (6-FAM)) or 2′-chloro-7′phenyl- 
1,4-dichloro-6-carboxy-fluorescein (VIC)) and a 3ʹ non- 
fluorescent quencher (NFQ) were used to detect CN assays 
allocated in or close to 13q and 1q21 regions:

(a)Cytoband 13q14.2: Hs_02810029_cn
(b)Cytoband 13q14.2: Hs_05286105_cn
(c)Cytoband 1q21.3: Hs_01481278_cn
(d)Cytoband 1q21.3: Hs_07482364_cn
RNaseP (TaqMan copy number reference assay) was used as 

a reference gene. All primers and probes were supplied from 
Applied Biosystems (Life Technologies), and duplex qPCR 
assays were performed according to the TaqMan copy number 
assay protocol (Applied Biosystems). For each reaction, 30 ng 
of DNA were used (up to 4 µl) and all reactions were per
formed in triplicate wells and repeated twice. All data were 
further analyzed using the CopyCaller software version 2.0 
(Applied Biosystems). The software generates raw copy values 
(RCVs) that represent a non-integer number of copies calcu
lated, whereas predicted copy number (PCN) is defined as an 
integer number of copy determined by the algorithm (0, 1, 2 or 
3+). We established a cutoff for the CNV value to classify gain 
or loss by RT-PCR: copy number gain is defined as PCN>2, 
whereas copy number loss is defined as PCN<2.

Digital PCR (dPCR)

dPCR reactions were performed using the QuantStudio 3D 
Digital PCR System (Applied Biosystems) according to the 
manufacturer’s protocol. Briefly, 16 µL of mastermix solution 
was prepared, and 14.5 µL was loaded onto the chip containing 
8 µL of 2x QuantStudio 3D Digital PCR Master Mix v2, RNase 
P Reference Assay and relevant TaqMan® probes at 250 nM 
each (Applied Biosystems), 12 ng of gDNA template (up to 
4 µL), and nuclease-free water.

The amount of gDNA to be loaded on the chip usually con
tains 200–2,000 copies/µL in the final dPCR reaction mix so that 
each reaction well in the chip receives, on average, 0.6–1.6 copies 
of the target sequence. Adjustment for input gDNA may be 
required depending on the copy number of the target of interest.

The reaction mix (15 µL out of 16 µL) was loaded onto the 
QuantStudio 3D digital PCR chips by using QuantStudio 3D 
digital PCR chip loader. The amplification conditions for all 
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samples were: 96℃ × 10 min; 60℃ × 2 min; 98℃ × 30 s, 39 cycles; 
60� × 2 min. The amplifications were performed in a ProflexTM 
2x Flat PCR System. The chips were transferred to a QS3D 
Instrument for imaging. Data elaboration was executed using 
the cloud-based QuantStudio 3D Analysis Suite software (version 
3.0.03) in the absolute quantification module maintaining auto
matic settings. For each run, at least one NTC was included. The 
quality threshold was set at the default value of 0.5, to define the 
accepted wells and ranged from 10,518 to 18,608 with a mean of 
15,000.

In silico analysis

In silico analysis was performed from the CoMMpass study 
dataset: for further validation in a larger NDMM patient cohort, 
the public data set from the CoMMpass longitudinal, prospec
tive observational study (release IA14) was interrogated, pro
vided by the Multiple Myeloma Research Foundation and 
downloaded from https://research.mmrf.org. The public 
CoMMpass data set of the CNV data from 718 NDMM patients 
was analyzed and the cohort was stratified depending on the 
outcome (progression-free survival – PFS and overall survival – 
OS status). Expression profiles in patients who progressed or 
died were compared with those of patients who did not. The 
dataset interrogation and the relative clinical information ana
lysis were generated as part of the Multiple Myeloma Research 
Foundation Personalized Medicine Initiative.

Statistical analysis

A chi-square test was used to determine survival curve analysis. 
Differences were considered to be statistically significant for 
values of p < .05. Analyses were carried out using GraphPad 
software.
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